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(57) Atunneiingfipsensor(40)andametlK)dofplio- 
toTithogiapiiicaiiy fatrn'ortiiig a unitary structure sensor 
(40) on a semtoonductor substrate (42) are disclosed. A 
cantilever electrode (44) is ibrmed on the sut>strate (42) 
witii one end suspended above the substrate (42) at a 
distance from a tunneling electrode (50) so that a tun- 
neling cun-ent (55) flows through the cantilever (44) and 
tunneiing (50) electrodes in response to an applied bias 



voltage. ITie caiitaever (44) and tunneling (50) elec- 
trodes form a circuit that produces an oulput signal (76). 
A force (56) applied to the sensor (40) urges the canti- 
lever electrode (44) to deflect relative to the tunneling 

electrode (50) to modulate the output signal (76). The 
sensor (40) has a unitary structure and the cantilever 
electrode (44} extends from the substrate (42). 
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Description 

BACKGROUND OF THE INVENTION 

Field Qf the invention 

The present invention generally relates to the field 
of electro-mechanical sensors for measuring an applied 
force, and more specifically to a tunneling-tip sensor and 
a photolithography method for fat}ricating the sensor. 

DggcriptiQnQUheRelatgjArt 

One method for sensing physical quantities such as 
linear or rotational acceleration, or acoustic or hydro- 
phonic pressure is to provide a flexible member that 
flexes in respond to an applied force and measures the 
amount of flex electrlcaily. Convenlionat nvcro-mectnn- 
ical techniciues for acNeving the transductfon include 
capacit've coupling, plezoresistivd sensing and piezoe- 
lectric sensing. However, none of these techniques are 
inherently as sensitive as tunneling tip transductfon. 

In tunneling tip sensors, a bias voltage is applied 
aaoss a fleidble counter electrode and a tunneling fip 
with a sufficiently small gap between the two compo- 
nents to induce a tunn^ing current to flow. The tunneling 
cuffent Ij is given by: I f' Vgexp(-a/W^) , where is 
the bias voltage, a is a constant, h is the electrode-to-tip 
separation and ^ is the work function. As the applied 
force changes, the sepai'ation between the electrode and 
the tip changes and modulates the tunneling current, 
which varies by approximately a factor of three for each 
angstrom (A)of electtrode deflection. Thus, tunneling tip 
detectors can provide a much greater sensitivity and a 
larger bandwidth than previous method of detections and 
still provide easily measur^le signals. 

For the specific application of the sensor as an 
accelerometer, the d^lection distance x = ma/k . where 
m is the electrode's mass, k is the electrode's spring con- 
stant and a is the acceleration. The effective bandwidth 
of the accelerometer is determined by its resonant fre- 
quency 

-a- 

Since tunneling tip techniques are more sensitive to 
deflection, the accelerometer's mass can be relatively 
small, and thus its bandwidth can be larger than the 
capadtlve coupEng and piezoresisGve devices. 

A tunnel tip sensor tmii its fabrication method are 
disclosed in l^nney et aL, 'Mcromachined silicbn tunnel 
sensor for motion detection." A pplied Physics Letters 
Vol. 58, Na 1 , January 7, 1991 , pages 100-102. Afiadble 
folded cantilever spiring shi a tunneling tiip are fonned 
on a first silicon wafer by etching complete^ through ttie 
wafer to form a proof mask pattern. The pattern defines 
an inner rectangular area that is suspended by first and 
second folded flexible members that extend from the 
outerportionof thewafertotheinnerrectangia Thecai^ 



tilever spring and tunneling tip are formed by therrnally 
evaporating gold through respective shadow masks onto 
the patterned wafer to define respective contacts on the 
wafer's oirter portion that extend therefrom along the 

5 respective fbkfed members to a rectangular mass and a 
tip ori the inner rectangular portion of the wafer. The can- 
tilever spring and tunneling tip are physically connected 
by the proof mask which allows them to deflect in unison 
in response to an applied force but are electrically iso- 

10 lated from each ottier. A second wafer is etched to define 
a hole approximately the size of the cantilever spring's 
rectangular mass and a tunneling counter electrode. A 
third wafer is etched to define a deflection counter elec- 
trode approximately the size of the cantilever spi'ing's 

IS rectangular mass. The 200 ^m tiiick wafers are then 
pinned or bonded together by pladng the first wafer with 
the cantilever spring and tip face up on tfie bottom, and 
placing the second wafer wHh the tunneling counter elec- 
trode suspended above the tip at a separation all appn»c- 

20 imatelySOiunandtheholeaboveseddcantileiverspring's 
mass. TTie third wafer is placed on top of the second with 
the deflection counter electrode disposed above the hole 
such ttiat it is suspended above the cantilever spring. 
The three wafers are mechanically attached with align- 

2S ment pins or epoxy and electi-ically connected to a sep- 
arate analog feedback circuit. 

A control voltage is applied between the deflection 
counter electrode and the cantilever spring to provide an 
atb'active force that brings the tip close enough to tiie 

30 tunneling counter electrode for a bias voltage applied 
between the tunneling counter elecbode and the tip to 
induce a tunneling current of approidmately 1 .3 nA. The 
cantilever spring and tip deflect in response to an applied 
force to modidate the tunneling cun-ent. The cantilever 

35 spring provides the mass required to produce a measur- 
able deflection and the desired sensitivity for the accel- 
erometer. The analog feedback circuit compares ttie 
measured tunneling current to a setpoint, and modulates 
ttie control voltage to adjust the separation between the 

40 tunneling counter elertrode and ttie tip to maintain a con- . 
slant current. The modulated confrol voltage provides an 
output proportional to the applied force. 

Atthough tills tunneling tip sensor provides a more 
sensitive and compact sensor than ttie ottier conven- 
es tional sensors, its fabrication method and structure have 
several deficiencies. Fabricating three separate 200 jim 
wafers and txmding them together produces sensors 
ttiat are approidmately 4 cm^ in area, witti manufacturing 
yields of approximately S%. These relatively large size 

so and low yiekl sensors are very expensive to manubc- 
ture. The tirHD-turinelvig elecb'ode separati'on is non^- 
lially 50 jJim and requires a control voltage of 
approximately 200 volts to bring ttie tip close enough to 
ttie tunneling electrode to induce ttie tunneling current. 

ss The high voltage levels are not compataUe with ottier TTL 
or CMOS circuitry and variations in ttie separation cause 
large variations in ttie required control voltage. The can- 
tUever spring has a mass of 30 mg, which restricts ttie 
resonant frequency to approximately 200 Hz and a band- 
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width that is compataWe to those of other conventional 
techniques. The accelerometer fails to achieve a larger 
bandwidth because of its relatively large mass. The 
design of the cantilever spring makes the sensor sensi- 
tive to off-axis {x or y-axis) forces and large temperature s 
coefficients and drift. Furthermore, when the feedbadt 
circuit is turned off, a large shock can deflect the spring, 
causing the tip to impact the tunnefing counter electrode 
and be damaged due to the relatively targe spring mass. 

SUMMARY OF THE INVENTION 

The present invention seeks to provWe a tunneling 
tip sensor and a method of fabricating the sensor that 
results in a higher manufacturing yield, smaller size, is 
higher bandwidth, finer tip-to-cantilever control, lower 
control voltages, kjwer off-axis sensitivity, lower tenper- 
ature sensitivity, greater shock r^stance and kmer 
cost 

Thesegoalsareachievedwilhatunnelingtpsensor 20 
that has a unitary structure and Is formed on a semicon- 
ductor substrate. A cantilever ejectrode extends from the 
substrate with one end suspended above a tunneling 
electrode on the sltostrate so that a tunneling current 
flows between the cantilever and tunneling electrodes in 25 
response Id an appliki bias voltage. The cantilever and 
tunneling electrodes together define an electrical drcuit 
that is modulated by the cantilever electrodes deflection 
in response to an applied force. The modulation is 
sensed either by holding the bias voltage constant and 30 
sensing changes ih the cun-ent, or in the prefen-ed 
embodiment, by acQusting a control voltage between the 
cantilever electrode and a control electrode to maintain 
the current constant and using changes in the control 
voltage as an indication of the circuit modulation. 35 

The tunneling tip sensor is fabricated by providing 
the semiconductor substrate with a layer of conductive 
material, and photollthographically patterning the con- 
ductive material to form a cantilever paJ and a tunneling 
electrode, The cantBever. pad is photdittiographically to 
extended to form a cantilever arm that is susp^ided over 
the substrate such that the arm deflects relative to the 
tunneling electrode in response to an applied force. 

In an alternative embodiment, a lateral control elec- 
trode is fabricated to produce a lateral motion of the can- 45 
tilever arm such that the sensor detects a rotation. In 
anottier embodiment, x, y and z-axis sensors are fabri- 
cated on a sut^trate to provide a planar ttiree-axis sen- 
sor. In a further embodiment, a 3-D inertial cube sensor 
indudes z-axis and rotational serisdrs formed tin three 50 
mutually orthogonal faces to provide x-y-z axis acceler- 
ometeis and gyros. 

Fbr a better understanding of the invention, and to 
show how the same may be canied into effect, reference 
will now be made, by way of example, to the accompa- » 
nying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

RGs. la-lj are sectional views illustrating the pho- 
tofithography nrattiod used to fabricate a z-axis sen- 
sor; 

Fia 2 is a sectional view of a completed z-ajds sen- 
sor induding a schematic diagram of an analog feed- 
l)ad< circuit; 

FIG. 3 is a plan view of the z-axis sensor; 

Fia 4 is a perspective view showing a rotational 

sensor implementation of the invention; 

Fia 5 is a perispective view showing the prefen-ed 

rotation^ sensor; 

FIG. 6 is a perspective viaw of a lateral sensor imple- 
mentation of the invention; 
FIGs. 7a-7e are sectional views illustrating the pho- 
toHfliography metiiod for fabricating the lateral sen- 
sor shown in FIG. 6; 

FIQ. 8 is a perspective view of a planar three-axis 
sensoi-; and 

FIG. 9 is a perspective view of a 3-D inertial cube 
sensor. 

DETAILED DESCRIPTION OF THE INVENTION 

FIGs. 1 a through 1 j show a preferred method for fab- 
ricating a z-axis tunneling tip sensor that can be used for 
measuring forces appOed to tiie sensor by linear or rota- 
tional accelerations, or by acoustic or hydrophdnfc pres- 
sures. The preferred me«iod uses photoliUiogfaphy to 
fabricate the entire sensor as a un'rtary structure on a 
semiconductor wafer. As shown in FIG. la, the photoli- 
thography method starts by thermally evaporating a 
metal fayer 1 0, preferably gold and approximately 1 .2 tun 
thick, onto a dielectric layer 12 sudi as Si02 that is dis- 
posed on a semkxinductor substrate 14, preferably sili- 
con. In ttie next step a negative resist 1 6, approximately 
0.2-0.5 urn high, is patterned over the metal layer 10 
(FIG. lb). The metal layer 10 is then etched by an ion 
milling process of Ar* at 500 eV to a thickness of approx- 
imately 0.7 Jim to define a tip 18 having a height of 
approximately 0.5 jim (Fia 1c). The negative resist 16 
is gradually eroded by tiie ion mining process so ttiat flie 
tip is graded from a relatively wide base to an upper end. 
In subsequent steps tiie negative r^t 16 is removed 
and a positive redst 20 is patterned over the metal layer 
10 and tip 18(FIQ. Id). The metal layer 10 is etched witii 
a simifar ion milling process through to the SiOz layer 1 2 
to deline a cantilever pad 22, a cortrof eledrode 24, a 
test electrode 26 and a tunnaling eledrode 28 that 
includes the tip 18 (FIG. 1e). 

In tiie next step tiie resist 20 is removed and a sac- 
rificial l^er 30, preferably a photoresist, is patterned over 
substrate 14 to ©cpose the cantilever pad 22 (FIG. If). 
The sacrifidal fayer 30 extends upwardly approximately 
1 Jim from tiie top of tiie cantilever pad 22. (It can be 
planarized by using photolithography to remove the sac- 
rif feial layer over tiie electrodes and tfien spinning addi- 
tional resist on top of the wafer totiie required thickness.) 
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Alternatively the sacrificial layer could be a spin-on glass 
material or an oxide such as silicon dioxide. A thin layer 
of metal 32, approximately 200 A thick and preferably 
gold, is evaporated over the wafer to fonn a solid contact 
with the carttHever pad 22 (FIG. 1g). In the next step a 5 
resist 34 is patterned met the metal layer 32 to define a 
void that ectends from the end of the tunneling electrode 
28 to the far end of the cantilever pad 22 (FIG. 1h). The 
thin metal layer 32 forms a base for plating on a metal 
electrode 36 by electrolysis in the next step (FIG. 1 i). The u 
electrode 36 is preferably gold and approximately 400 A 
to 10 |im thidt, 2-400 (im wide and 10^1000 |im long. 
This method can produce a low stress electrode 36 that 
will not bend under its own stress when suspended. Irt 
the last steps (FIG. 1j) the resist 34 is removed, the ,5 
exposed portions of layer 32 are removed by ion milKng. 
and sacrificial layer 30 is removed. Various methods of 
sacrificial layer removal can be utilized to minimize stic- 
tion problems. These include but are not limited to vari- 
ous high vapor pressure liquid rinses, O2 plasma ashing so 
or critical point drying. This leaves a cantilever arm 38 
attached to the cantilever pad 22 and suspended above 
substrate 14; Tlie control electrode 24. test electrode 26 
and tip 18 are exposed, with an arm-to-tip distance of 
approximately 0.5 urn. Making the width of the cantilever ^5 
arm 38 much greater than its thickness reduces the sen- 
sor's sensitivity to off-axis forces. 

In an alternative embodiment, the tip 18 is formed 
on the underside of cantilever arm 38 instead of on the 
tunneling electrode 28. In this case the fabrication steps 30 
of FKSs. lb and 1c are omitted, and the tip is fomied by 
etehing a tapered depression with a shape complemen- 
tary to the desired tip shape in the sacrificial layer 30 
above the tunneling electrode before the gold layers 32. 
36 are added. The result is a cantilever electrode with a as 
tunneling tip suspended above the tunneling eiectrode. 

FIG. 2 shows a sectional view of a z-axis tunneling 
tip sensor 40 that has been fabricated as described in 
connection with FIQs. ia-1j on a semiconductor wafer 
42 that lies in the plane defined by the x and y axes, 40 
together with an analog feedback circuit 43 that controls 
its operation. FIG. 3 is a plan view of the z-axis sensor 
40 that lies in the xy-plahe and extends therefrom. One 
end of a cantilever electrode 44 is affixed to the wafer.' 
while its other end is suspended.approximately 1 -2 jun 4s 
above the wafer's surface over a control electrode 46, a 
test electrode 48 and a tunneling ^ electrode 50. Device 
encapsulation can be accomplished with several pack- 
aging designs if needed tor environmental control or vac- 
uum operation, so 

Circuit 43 applies a control voltage via leads 51 and 
52 across the cantilever electrode 44 and the control 
electrode 46 to create an attractive electric field which 
pulls the cantilever down to a reference position dose to 
the tunneling tip. e.g.. 1-2nmawayfromth6fipi Thedr- 55 
cult also applies a bias voltage via leads 51 and 54 
across the cantilever electrode and tip sufficient to initiate 
a f tow of tunneling current 55 through them. The drcuit 
is designed to respond to a deflection of cantilever arm 



44 by modulating the control voHage while holding the 
tunneling cun-ent constant, so that the value of the con- 
trol voltage at any given tme indicates the degree of can- 
Clever arm flexure. Alternatively, the control voltage could 
be held constant and tunneling current modulated, or a 
combination of both approaches could be used, but mod- 
ulating the control voltages makes the device less sus- 
ceptible to damage and effectively linearizes the output 
signal. 

In drcuit 43 a supply voltage is applied via a refer- 
ence terminal 58 aaoss a series connection of resistors 
60, 62 and a variable resistor 64, preferably 1 Mmo k£2 
and nominally 2 kQ to ground reference potential. The 
cantflever electrode 44 is electrically connected to the 
junction of resistors 60 and 62, and the junction of resis- 
tors 62 ahd 64 is connected to the non-inverting input 67 
of an operational amplifier 66 to provide a reference volt- 
age, the tunneling electrode 50 is connected through an 
input resistor 68 to ground reference potential, and is 
also connected to the non-inverting input of an opera- 
tional amplifier 69. The amplifier 69 is connected as a 
voltage follower, with its output connected to amplifier 
66's inverting input. The output of amplifier 66 is con- 
nected through a resistor 70, preferably 10 kQ, to ground 
potential and through a series connection of resistors 72 
and 74. preferably 4 MQ and 1 Ma to the supply potential 
terminal 58. The junction of resistors 72 and 74 Is elec- 
trically connected to control electrode 46 via line 52 to 
provide the control vpHage, which is monitored at output 
node 76 and is generally proportional to the square root 
of an applied force 56. The value of resistor 64 isselected 
to equalize the voltages at amplifier 66's difforential 
inputs for a reference value of tunneflng current, prefer- 
ably 1 nA, such that the ampHffer's oulput Is zero when 
the cantilever arm is undeflected from the reference posi- 
tion arxf the control voltage remains constant 

The applied force 56, which may be due for example 
to an acceleration or an acoustic or hydrophonic pres- 
sure wave, tends to deflect the cantilever arm. This ini- 
tially alters ttie tunneling cun-ent 55 and produces 
unbalanced differential inputsfor amplifier 66. The ampli- 
fier responds by modulating ttie control voltage on lead 
52 to produce an opposing force to the applied force, thus 
maintaining a constant cantilever-to-tunneling electrode 
separation and a constant tunneling cun-ent 55. If the 
api^ied force causes the cantilever to bend upwards, ttie 
separation Increases and the tunneling cunent 
decreases such that flie voltage at tiie non-inverting 
input of amplifier 66 is more tiian ttie voltage at its invert- 
ing input. The anplifier's oulput is positive, and thus 
increases ttie control voltage and ttie attractive force on 
ttie cantilever arm to bring it back to the reference posi- 
tion. Conversely, if the force tends to deflect ttie canti- 
lever ann downwards, the tunneling current increases 
and ttie amplifier's output goes negative, thus reducing 
ttie attractive force and allowing the cantilever spring to 
pull itself backto ttie reference position. Without its feed- 
back drcuit ttie cantilever arm can deflect excessively 
and damage ttie tunnding electrode. Furttiermore. in ttie 
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absence of a feedback circuit the sensor's output would 
be linear only over very small deflections. 

The sensor is calibrated periocRcally closing a 
switch 78 to apply a known voltage from a DC source 79 
to the test electrode 48 to simulate an applied force, and s 
measuring the resulting output (calibration) voltage. In 
normal operation, the output would be scaled by the cal- 
ibration response to produce a normalized output that 
condensates for drifts |n the sensor perfomiance 
caused by temperature changes, component aging and io 
the like. 

The photolithographic fetorication method produces 
a very small device having a cantilever mass of approx- 
imately 1 ng, while maintaining the sensor's deflection 
sensitivHy. Consequently, when used as an accelerom- rs 
eter. the sensor's resonant frequency can be much 
higher than previous art and can have an effective band- 
width as high as 250 kHz. Another benefit of the 
extremely snrall mass is an improved shock resistance. 
When the control voltage is turned off, the cantilever arm so 
can deflect in response to a large acceleration and may 
slam into and damage the tip. However, because the 
mass Is very small, the tip pressure for a given acceler- 
ation will be much smaller than previous art 

FIG. 4 is a perspective view of a rotational sensor 25 
80. The sensor 80 includes a z-axis sensor 81 and a con- 
trol circuit which are essentially the same as the sensor 
40 and circuit 43 of FIG. 2. In addition, a lateral control 
electrode 82 is disposed adjacent the cantilever elec- 
trode 83 of sensor 80 and is modulated with a voltage to 30 
induce a lateral vibration at a known maximum velocity 
l^in the cantilwer electrode. Sensor 8£ measures a 
Coriolis force given by: Fg=^AmWp< V, where m Is 
the cantilever electrode's mass. W/is the rotational rate 
and Vjis the cantilever electrode's lateral velocity. The 3S 
rotational rate can be determined by measuring the Cori- 
olis force, which is directly proportional to the rotation. In 
this embodiment, linear accelerations can produce addi- 
tional deflections, causing incon'ect estimates of the 
rotational rate. By placing a second rotation sensor on « 
the wafer parallel to sensor 80 and laterally oscillating 
their respective cantilever electrodes 180» out of phase 
with each ottier, linear accelerations cancel each other. 

FIG. 5 is a perspective view of a preferred embodi- 
ment of a rotational sensor 84 on a wafer 85 that is insen- 45 
sHive to linear acceleration forces. A double-ended 
tuning fork 86 is suspended above and parallel to the 
wafer 85 by a cross-beam 87 which is supported at ifs 
encfe by posts 88a and 88b and is orttiogonal to the tun- 
ing fork. Thedouble tuning fork and cross-beam are pref- so 
eraWy fabricated at flie same step such that they form a 
unitary structure. Alternatively, «ie tuning fork can be 
formed on top of the cross-beam. 

One end of the tuning fork 86 forks into a pair of can- 
tilever beams 89 and 90 fliat are posttioned paiBllel tea 5S 
rotation axis 91 and have assodated lataaf control elec- 
trodes 92 and 93 respectively. The other end of the tuning 
fork 86 forks into a pair of cantilever electrodes 94 and 
95 that are suspended above respective control elec- 



trodes 96 and 97 and respective tunneling electrodeis 98 
and 99, which are connected to control drcuits similar to 
the one described in Fia 2 to maintain constant tun- 
neling cun-enls. The forted ends are interconnected by 
a cantilever member 1 52 which is attached to tfie cross- 
beam. 

The voltages applied to respective lateral electi-odes 
92 and 93 are modulated in synchronism such that thar 
cantilever beams 89. 90 move 180° out of phase witii 
each other in ttie plane of ttie wafer 85. As the sensor 84 
rotates around its axis 91, equal but opposite z-axis 
forces ^are applied to the respective cantilever beams 
to move them perpendicular to the surface of the wafer, 
producing a torque on the cantilever member 152 pro- 
portional to the Coriolis force. The torque ti^ies to deflect 
the cantilever elecb^odes 94 and 95 but is opposed by 
the feedback circuity. The rotational rate can be deter- 
mined by taking the cfifference between the respective 
outputs. By moving the cantilever beams 89 and 90 ISO' 
out of phase with each other, the ehangi^ in the posrti'ons 
of cantilevers 94 and 95 due to linear accelerations are 
subtracted out and do not affect the rotation signal. The 
double-ended tuning fork configuration improves per- 
formance by separating «ie sensor fork {elecfrodes 94 
and 9^ from the drive fork (elecbtxtes 89 and 90), 
thereby reducing the noise in the rotation signal. 

FIG. 6 is a perspective view of a tunneling tip sensor 
100 for measuring lateral (x or y axis) forces. The sensor 
is formed on a semiconductor wafer 102. A cantilever 
electi-ode 1 04 extends from tiie wafer and includes an L- 
shaped sectfon 106 with a tunneling tip 108 at its end. A 
tunneling electi-ode 1 10 is disposed adjacent and at the 
same height as the tonneKng tip 108, with a separation 
of approximately 0.5 m bet«reen tiie tunneling tip and 
tiie elertrode. A cortrol electi-ode 1 1 2 is fonned adjacent 
and at the same height as tiie cantilever electrode. Alter- 
natively, tiie tunneling tip 1 08 could be formed on the tun- 
neling electi-ode instead of on the cantilever elecb^ode. 
The cantilever arm def lecis in the x-y plane perpendkaj- 
tar to tiie tonger portion of the L-shaped secUonlOe in 
response to x or y axis forces, and modulates a tunneling 
oirrent between the tunneling tip and electrode. An ana- 
tog control circuit (not shown) similar to ttie orte 
described in FIG. 2 is preferably used to maintain tiie 
tonneling cuwent at a constant value. The sensor's sen- 
sitivity to z-axis forces is decreased by making its height 
or thickness several times its Width. 

RGs. 7a-7e are sectional views illustrating a pre- 
fen-ed photolithographfo technique for fabricating the lat- 
eral sensor 100 shown in FIG. 6. The cross-section is 
taken along ttie certral axis of ttie cantilever elecf ode 
104 and as such does not show the tunneling elecfrode, 
control electrode or fcjnneling tip, although tiiesfe conpo- 
nents are formed in ttie same photolittiographic steps. In 
tiie first step a semiconductor wafer is provided writii a 
semteonductor substrate 114, preferably silicon, a de- 
lectric layer 1 1 6. preferably SiOa and a conductor layer 
118, preferably gold (FIG. 7a). In the next step a photore- 
sist is patterned onto the wafer and ttie conductor layer 
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11 8 is etched to define a cantilever pad 120, and control 
and tunneling pads adjacent the cantilever pad (raA 
shown)(FIG. 7b). A sacrificial layer 122 is patterned to 
expose the three pads and a thin metal layer 124 is ther- 
mally evaporated over the wafer (FIG. 7c). In the next 
step another photoresist 1 26 is patterned to expose por- 
tions of metal layer 124 and a conductor layer 128, e.g. 
1 -4 (Jim thick, is electroplated onto the exposed portions 
of metal layer 124 to form the cantilisver electrode and 
extend the tunneling and control pads to lom the tun- 
neling and control electrodes at the same height as the 
cantnever electrode (FIG. 7d). In the last steps resist 126 
is dissolved, the exposed portions of layer 124 are 
removed by ion milling and the sacrificial layer 122 is 
removed either by wet or dry techniques as described 
previously (FIG. 7e). 

FIG. 8 is a perspective view of a planar x, y and z- 
axis sensor that incorporates the individual sensor struc- 
tures and fabrication methods described abova X, y and 
z axis sensors 130, 132 and 134 are formed in a unitary 
structure on a semiconductor wafer 1 36 to produce a pla- 
nar sensor device that senses forces in three dimen-. 
sions. The individual sensors are connected to 
respective analog feectt)acl< circuits 1 37 and operate as 
described abov& Note that the febricafion sequence for 
the X and y-axis devices can be incorporated into the 
sequence for the z-axis device wittiout additional 
processing steps. In addition, x and y-axis rotation sen- 
sors can be added to the wafer using the same process 
sequence. 

FIG. 9 is a perspective view of a 3-D inertial cube 
that incorporates the z-axis and rotation sensors 
described previously. X, y- and z-axis sensors 138, 140 
and 142 and rotation sensors 144, 146 and 148 are fab- 
ricated on respective wafers, wtilch are attached to the 
mutually orthogonal faces of a cube 150 and electrically 
connected to respective analog feedback circuits 151. 
The cube senses 3-axis forces and rotations and can 
have a volume less than 8 mm3. While a truly cubic struc- 
ture Is shown in FIG. 9, the important feature is that the 
three groiv)s of sensors fie in mutually orthogonal 
planes. An equivalent orientation can be achieved with 
other geometric shapes, such as a block In which at Istst 
one face is a rectangle, the term 'cubic" is used herein 
as a convenient shorthand to refer to any shape with 
three mutually orthogonal planes, not just a true cube. 
Other combinations of x-y-z axis sensors and rotation 
sensors can be implemented on each orthogonal face. 

The described photolithogr^hic process and result- 
ing sensor structures have several advantages. Because 
the sensors are fanned as unitary structures, the manu- 
facturing yields are much higher than with previous meth- 
ods, yields of approximately 80-90% can be achieved, 
with an accompanying reduction in production time and 
cost. The individual sensors can be less than 1 mm^, with 
a cantilever arm mass of approximately 1 tig and band- 
wklthof250kHz.ThusthdcfiesizecanbesmalUHi3wing 
more dwices to be fctbricated per wafer, and iherelore 
at lower cost per de/ic& The unbiased flp-to-caiitilever 



distance can be only about 0.5 jim and can be pulled 
down to only a couple of nanometers with the application 
of acontrol voltage less than 20 V, thus allowing relatively 
low TTL and CMOS compatible supply voltages. Tlie 

s structure of the sensors reduces their sensitivity to ofN 
axis forces, improves shock resistance, increases band- 
width and reduces temperature drift. 

While several illustrative embodiments of the inven- 
tion have been shown and described, numerous varia- 

w tions and altemative embodiments will occur Id those 
skBled in the art Such variations and altemate embodi- 
ments are contemplated, and can be made without 
departing from the spirit and scope of. the invention as 
defined by the appended claims. 

15 

aalms 

1. A tunneling lip sensor comprising: 

20 - a semiconductor substrate (14; 42; 85; 102; 
114:136); 

- a tunneling electrode (28; 60; 98, 99; 1 10) on 
said substrate (14; 42; 85; 102; 114; 136); and 

- a cantilever electrode (44; 83; 89, 90, 94, 95; 
SB 104) having one end suspended above said 

substrate (14; 42; 85; 102; 1 14; 136) at a dis- 
tance from said tunneling electrode ((28; 50; 98, 
99; 1 10) so that a tunneling current (55) flows 
between said cantilever (44; 83; 89, 90, 94, 95; 

30 104) and tunneling (28; 50; 98, 99; 1 10) elec- 

frodes in response to a bias voltage applied 
across said electrodes (28; 50; 98, 99; 110/44; 
83; 89, 90, 94, 95; 104), said cantilever (44; 83; 
89, 90, 94, 95; 104) and tunneling (28; 50; 98, 

35 99; 110) electrodes forming a circuit that pro- 

duces an output signal (76) such that an applied 
force (56) which urges said cantilever electrode 
(44; 83; 89, 90, 94, 95; 1 04) to deflect relative 
to said tunneling electrode (28; 50; 98, 99; 1 1 0) 

40 modulates said output signal (76). 

characterized in thstt saki sensor (40; 80; 
84; 100) has a unitary structore and that saki 
cantilever electrode (44; 83; 89^ 90» 94, 95; 104) 
extends from said substrate (14; 42; 85; 102; ^ 

45 114; 136). 

2. The sensor of claim 1, characterized in that said sub- 
strate (14; 42; 85; 102; 114) lies in ah xy-plane with 
saM cantilever electrode (44; S3; 94, 95) suspended 

so fbove sakJ tunneling electrode (28; 50; 98) and 
delecting along a z-axis. 

3. The sensor of claim 2, characterized in that saki tun- 
neling electrode (50) comprises a tunneflng tip (1£0 

55 that is oriented along the z-axis. 

4i The sensor of any of dainiis 1 - 3, charaet^'ized by 
acontrol electrode (24; 46; 96, 97; 1 12) on said sub- 
strate (14; 42; 85; 102; 1 14; 136) belOw saki sus- 

I PHI 300019 
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pended camfilever electrode (44; 94, 95; 104). said 
circuit applying a corrtrol voltage as said output sig- 
. nals (76) across saw cantilever (44; 94. 95; 104)and 
control (24; 46; 96, 97; 1 12) electrodes to control the 
position of the cantilever electrode (44; 94, 95; 104), 
and modulating said control voltage to offset said 
applied force (56) and maintain said tunneling cur- 
rent (55) at a suljstantiaily constant level. 

5. The sensor of any of claims 1 - 4, characterized by 
a lateral control electrode (82; 92} on said substrate 
(85) adjacent said cantilever electrode (83; 89, 90) 
for producing another force that laterally oscillates 
the cantilever electrode (83; 89. 90) in response to 
a corresponding oscillating voltage across the con- 
trol (82; 92) and cantilever (83; 89, 90) electrodes 
such that when isaid sensor (80; 84) is rotated about 
an axis (91) parallel to the cantilevw electrode (83; 
89, 90), said applied force is proportional to the rota- 
tional rate. 



9. themethodofclaim8,charact^edinthatthest6p 
of providing the base melnber comprises: 

- providing the semiconductor substrate (14); 

s - depositing the layer of conducOve material (10) 
over the substrate (14) with a known thickness; 

- patterning a resist (16) over the conductive layer 
(10) to expose a portion of the laya (10); 

- ton milling the exposed portion of the conductive 
10 layer (10) to a reduced thickness to form the 

conductive tip (1 8} beneath the resist (1 6); and 

- removing the resist (16). 

10. The method of dahn 9, characterized In that the 
15 resist (16) is a negative resist that erodes during ion 

mitting so that the tip (18) is graded from a base at 
the surface of the cpnductive layer (10) to a narrower 
upper end. 



6. TTiesensorofdaiml.characterizedinthatsaidsub- 
strate (102) lies in an xyf)lane and said cantilever 
electrode (106) Is susperided adjacent said tun- 
neOng electrode (1 10) and delects laterally In the 25 
xy-plana 

7. A method for fabricating a tunneling tip sensor (40; 
80: 84) for sensing a z-flids force (56) and having a 
unitary stoicture; comprising the steps of: so 

■ providing a base member comprising a semi- 
conductor substrate (14; 42; 85) ttiat lies in the 
xy-plane with alayerof conductive material (10); 

- photolithographically patterning the conductive 3S 
material (10) to form a cantilever pad (22) and 
a tunneling electrode (28; 50; 98, 99); 

• photolithographically extending the cantilever 
pad (22) to form a cantilever electrode (32, 36, 
38; 44; 83; 94, 95) that extends over the tun- m 
neling electrode (28; 50; 98. 99), so that a tun- 
neling current (55) flows between the cantilever 
(32, 36, 38; 44; 83; 94. 9^ and tunneling (28; 
50; 98, 99} electrodes in response to an applied 
bias voltage across the two electrodes (32. 36, -is 
38; 44; 83; 94; 95fi8; 50; 98, 99), said cantilever 
(32. 36, 38; 44; 83; 94, 95) and tunneling (28; 
50:98, 9d}electrodesformingacircu'itthatpn)- 
ducesan oiitpulslgnal (76) such thatan applied 
force (56) which urges said cdntaeverelecKtide so 
(d2, 36, 38; 44; 83; 94, 95} to deflect relative to 
said tunneling electrode (28; 50; 98, 99) modu- 
lates said output signal (76). 

8. The method of claim 7. characterized in that the ss 
semiconductor substrate (14) Is provided withacon- 
ductive tip (18) on the conductive layer(12} such that 
the tunneling electrode (28) includes the tip (18). 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present Invention generally relates to the 
field of electro-mechanical sensors for measuring an ap- 
plied force, and more specifically to a tunneling-tip sen- 
sor and a photolithography method for fabricating the 
sensor. 

Description of the Related Art 

[0002] One method for sensing physical quantities 
such as linear or rotational acceleration, or acoustic or 
hydrophonic pressure is to provide a flexible member 
that flexes in response to an applied force and measures 
the amount of flex electrically Conventional micro-me- 
chanical techniques for achieving the transduction in- 
clude capacitive coupling, piezoresistlve sensing and pi- 
ezoelectric sensing. However, none of these techniques 
are inherently as sensitive as tunneling tip transduction. 
[0003] In tunneling tip sensors, a bias voltage Is ap- 
plied across a flexible counter electrode and a tunneling 
tip with a sufficiently small gap between the two compo- 
nents to induce atunneling current to flow. The tunneling 
current \j is given by: /70c Veexp(-afr,'0) where Vg Is the 
bias voltage, a Is a constant, h Is the electrode-to-tIp 
separation and ^ Is the work function. As the applied 
force changes, the separation between the electrode 
and the tip changes and modulates the tunneling cur- 
rent, which varies by approximately a factor of three for 
each angstrom (A) of electrode deflection. Thus, tun- 
neling tip detectors can provide a much greater sensi- 
livily and a larger bandwidth than previous method of 
detections and still provide easily measurable signals. 
[0004] For the specific application of the sensor as an 
accelerometer, the deflection distance x = ma/k, where 
m is the electrode's mass, k Is the electrode's spring 
constant and a Is the acceleration. The effective band- 
width of the accelerometer is determined by Its resonant 
frequency 




Since tunneling tip techniques are more sensitive to de- 
flection, the accelerometer's mass can be relatively 
small, and thus its bandwidth can be larger than the ca- 
pacitive coupling and piezoresistlve devices. 
[0005] A tunnel tip sensor and Its fabrication method 
are disclosed in Kenney et al., "Micromachlned silicon 
tunnel sensor for motion detection," Applied Physics 
Letters Vol. 58, No. 1, January 7, 1991, pages 100-102. 
A flexible folded cantilever spring and a tunneling tip are 
formed on a first silicon wafer by etching completely 
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through the wafer to form a proof mask pattern. The pat- 
tern defines an inner rectangular area that is suspended 
by first and second folded flexible members that extend 
from the outer portion of the wafer to the inner rectangle. 

5 The cantilever spring and tunneling tip are formed by 
thermally evaporating gold through respective shadow 
masks onto the patterned wafer to define respective 
contacts on the wafer's outer portion that extend there- 
from along the respective folded members to a rectan- 

10 gular mass and a tip on the Inner rectangular portion of 
the wafer. The cantilever spring and tunneling tip are 
physically connected by the proof mask which allows 
them to deflect in unison in response to an applied force 
but are electrically isolated from each other A second 

15 wafer is etched to define a hole approximately the size 
of the cantilever spring's rectangular mass and a tun- 
neling counter electrode. A third wafer is etched to de- 
fine a deflection counter electrode approximately the 
size of the cantilever spring's rectangular mass. Th e 200 

20 |im thick wafers are then pinned or bonded together by 
placing the first wafer with the cantilever spring and tip 
face up on the bottom, and placing the second wafer 
with the tunneling counter electrode suspended above 
the tip at a separation of approximately 50 |j.m and the 

25 hole above said cantilever spring's mass. The third wa- 
fer is placed on top of the second with the deflection 
counter electrode disposed above the hole such that it 
Is suspended above the cantilever spring. The three wa- 
fers are mechanically attached with alignment pins or 

30 epoxy and electrically connected to a separate analog 
feedback circuit. 

[0006] A control voltage Is applied between the de- 
flection counter electrode and the cantilever spring to 
provide an attractive force that brings the tip close 

35 enough to the tunneling counter electrode for a bias volt- 
age applied between the tunneling counter electrode 
and thetipto induce atunneling current of approximate- 
ly 1.3 nA The cantilever spring and tip deflect in re- 
sponse to an applied force to modulate the tunneling 

40 current. The cantilever spring provides the mass re- 
quired to produce a measurable deflection and the de- 
sired sensitivity for the accelerometer The analog feed- 
back circuit compares the measured tunneling current 
to a setpoint, and modulates the control voltage to adjust 

45 the separation between the tunneling counter electrode 
and the tip to maintain a constant current. The modulat- 
ed control voltage provides an output proportional to the 
applied force. 

[0007] Although this tunneling tip sensor provides a 
50 more sensitive and compact sensor than the other con- 
ventional sensors. Its fabrication method and structure 
have several deficiencies. Fabricating three separate 
200 pm wafers and bonding them together produces 
sensors that are approximately 4 cm^ In area, with man- 
55 ufacturing yields of approximately 5%. These relatively 
large size and low yield sensors are very expensive to 
manufacture. Thetip-to-tunnel-ing electrode separation 
Is nominally 50 \im and requires a control voltage of ap- 
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proximately 200 volts to bring the tip close enough to 
the tunneling electrode to induce the tunneling current. 
The high voltage levels are not compatible with other 
TTL or CMOS circuitry and variations in the separation 
cause large variations in the required control voltage. 
The cantilever spring has a mass of 30 mg, which re- 
stricts the resonant frequency to approximately 200 Hz 
and a bandwidth that is comparable to those of other 
conventional techniques. The accelerometer fails to 
achieve a larger bandwidth because of its relatively 
large mass. The design of the cantilever spring makes 
the sensor sensitive to off-axis (x or y-axis) forces and 
large temperature coefficients and drift. Furthermore, 
when the feedbacl< circuit is turned off, a large shock 
can deflect the spring, causing the lip to impact the tun- 
neling counter electrode and be damaged due to the rel- 
atively large spring mass. 

[0008] Proceedings of the Workshop on Microelectro- 
mechanical Systems, Travemunde, Feb. 4-7, 1992, pp. 
214-219, discloses a lateral tunneling unit in which all 
the elements are integrated on the same wafer, having 
a cantilever electrode which extends from the substrate. 
[0009] Journal of Vacuum Science & Technology Vol. 
11, No. 4, July 1993 - August 1993, pp. 797-802, "Mi- 
cromachined tunneling displacement transducers for 
physical sensors", discloses a series of tunneling sen- 
sors which take advantage of the extreme position sen- 
sitivity of electron tunneling. In these sensors, a tun- 
neling displacements transducer, based on scanning 
tunneling microscopy principles, is used to detect the 
signal-induced motion of a sensor element. Through the 
use of high-resonant frequency mechanical elements 
for the transducer, sensors may be constructed which 
offer wide bandwidth, and are robust and easily operat- 
ed. Silicon micromachining maybe used to fabricate the 
transducer elements, allowing integration of sensor and 
control electronics, 

[0010] EP 0 619 494 At discloses an acceleration 
sensor which is produced on a silicon substrate by etch- 
ing to leave a cantilever beam of polysilicon with a tip 
on the substrate projecting toward this beam. Acceler- 
ation of the sensor causes the beam to bend, thereby 
changing the spacing between the tip and the beam, and 
thereby also changing the tunnel current, which is meas- 
ured. Electrodes are provided that, given application of 
a potential thereto, effect an electrostatic compensation 
of the bending of the beam. 

[0011] NTIS Tech Notes, 1 April 1990, page 346, 
"Tunnel-Effect Displacement Sensor", discloses a tun- 
nel position sensor that measures small displacements 
or accelerations. The essential elements of this sensor 
are two electrodes in approximity to each other. One of 
the electrodes is mounted on a piezoelectric cantilever, 
which is used to make fine adjustments of the gap be- 
tween the electrodes. A voltage is supplied between the 
electrodes. If the electrodes are close enough, then an 
electrical current flows between them by the quantum- 
mechanical tunneling effect. The magnitude of this tun- 



neling current is extremely sensitive to the distance be- 
tween the electrodes, and the variation of the current 
can therefore be used to measure small displacements 
of the electrodes relative to each other. 

5 

Summary of the Invention 

[0012] The present invention seeks to provide a tun- 
neling tip sensor and a method of fabricating a sensor 
70 that results in a higher manufacturing yield, smaller size, 
higher bandwidth, finer tip-to-cantilever control, lower 
control voltages, lower off-axis sensitivity lower temper- 
ature sensitivity greater shock resistance and lower 
cost. These goals are achieved with a tunneling tip sen- 
's sor that has a unitary structure and is formed on a sem- 
iconductor substrate. A cantilever electrode extends 
from the substrate with one end suspended above a tun- 
neling electrode on the substrate so that a tunneling cur- 
rent flows between the cantilever and tunneling elec- 
20 trodes in response to an applied bias voltage. The can- 
tilever and tunneling electrodes together define an elec- 
trical circuit that is modulated by the cantilever elec- 
trodes reflection in response to an applied force. The 
modulation is sensed either by holding the bias voltage 
25 constant and sensing the changes in the current, or in 
the preferred embodiment, by adjusting a control volt- 
age between the cantilever electrode and a control elec- 
trode to maintain the current constant and using chang- 
es in the control voltage as an indication of the circuit 
30 modulation. Further, a lateral control electrode is provid- 
ed on the substrate adjacent said cantilever electrode 
for producing another force that laterally oscillates the 
cantilever electrode in response to a corresponding os- 
cillating voltage across the control and cantilever elec- 
ts trodes such that when said sensor is rotated about an 
axis parallel to the cantilever electrode, said applied 
forces proportional to the rotational rate, 
[0013] The tunneling tip sensor is fabricated by pro- 
viding the semiconductor substrate with a layer of con- 
40 ductive material, and photolithographically patterning 
the conductive material to form a cantilever pad and a 
tunneling electrode. The cantilever pad is photolitho- 
graphically extended to form a cantilever arm that is sus- 
pended over the substrate such that the arm deflects 
45 relative to the tunneling electrode in response to an ap- 
plied force, 

[0014] A lateral control electrode is fabricated to pro- 
duce a lateral motion of the cantilever arm such that the 
sensor detects a rotation. In another embodiment, x, y 

so and z-axis sensors are fabricated on a substrate to pro- 
vide a planar three-axis sensor. In a further embodi- 
ment, a 3-D inertial cube sensor includes z-axis and ro- 
tational sensors formed on three mutually orthogonal 
faces to provide x-y-z axis accelerometers and gyros. 

55 [0015] For a better understanding of the invention, 
and to show how the same may be carried into effect, 
reference will now be made, by way of example, to the 
accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0016] 

FIGs. la-lj are sectional views illustrating the pho- 
tolithography method used to fabricate a z-axis sen- 
sor; 

Fl G. 2 is a sectional view of a completed z-axis sen- 
sor including a schematic diagram of an analog 
feedback circuit; 

FIG. 3 is a plan view of the z-axis sensor; 

FIG. 4 is a perspective view showing a rotational 

sensor implementation of the invention; 

FIG. 5 is a perspective view showing the preferred 

rotational sensor; 

FIG. 6 is a perspective view of a lateral sensor im- 
plementation of the invention; 
FIGs. 7a-7e are sectional views illustrating the pho- 
tolithography method for fabricating the lateral sen- 
sor shown in FIG. 6; 

FIG. 8 is a perspective view of a planar three-axis 
sensor; and 

FIG. g is a perspective view of a 3-D inertial cube 
sensor. 

DETAILED DESCRIPTION OF THE INVENTION 

[0017] FIGs. la through 1j show a preferred method 
for fabricating a z-axIs tunneling tip sensor that can be 
used for measuring forces applied to the sensor by lin- 
ear or rotational accelerations, or by acoustic or hydro- 
phonic pressures. The preferred method uses photoli- 
thography to fabricate the entire sensor as a unitary 
structure on a semiconductor wafer As shown in FIG. 
la, the photolithography method starts by thermally 
evaporating a metal layer 10, preferably gold and ap- 
proximately 1 .2 |am thick, onto a dielectric layer 12such 
as SIO2 that Is disposed on a semiconductor substrate 
14, preferably silicon. In the next step a negative resist 
1 6, approximately 0.2-0.5 pim high, is patterned over the 
metal layer 10 (FIG. lb). The metal layer 10 is then 
etched by an ion milling process of Ar<- at 500 eV to a 
thickness of approximately 0.7 ^lm to define a tip 1 8 hav- 
ing a height of approximately 0.5 |im (FIG. 1 c). The neg- 
ative resist 16 Is gradually eroded by the ion milling proc- 
ess so that the tip Is graded from a relatively wide base 
to an upper end. In subsequent steps the negative resist 
16 is removed and a positive resist 20 is patterned over 
the metal layer 10 and tip 18 (FIG. Id). The metal layer 
10 Is etched with a similar ion milling process through 
to the Si02 layer 12 to define a cantilever pad 22, a con- 
trol electrode 24, a test electrode 26 and a tunneling 
electrode 28 that includes the tip 18 (FIG. 1e). 
[0018] In the next step the resist 20 Is removed and a 
sacrificial layer 30, preferably a photoresist, Is patterned 
over substrate 1 4 to expose the cantilever pad 22 (FIG. 
If) The sacrificial layer 30 extends upwardly approxi- 
mately 1 Jim from the top of the cantilever pad 22. (It 
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can be planarized by using photolithography to remove 
the sacrificial layer over the electrodes and then spin- 
ning additional resist on top of the wafer to the required 
thickness ) Alternatively the sacrificial layer could be a 

s spin-on glass material or an oxide such as silicon diox- 
ide. A thin layer of metal 32, approximately 200 A thick 
and preferably gold, is evaporated overihe wafertoform 
a solid contact with the cantilever pad 22 (FIG. 1g). In 
the next step a resist 34 is patterned over the metal layer 

10 32 to define a void that extends from the end of the tun- 
neling electrode 28 to the far end of the cantilever pad 
22 (FIG. 1h). The thin metal layer 32 forms a base for 
plating on a metal electrode 36 by electrolysis in the next 
step (FIG. 1i). The electrode 36 is preferably gold and 

1S approximately 400 A to 10 |im thick, 2-400 (im wide and 
10-1 000 |j.m long. This method can produce a low stress 
electrode 36 that will not bend under its own stress when 
suspended. In the last steps (FIG. 1j) the resist 34 is 
removed, the exposed portions of layer 32 are removed 

20 by ion milling, and sacrificial layer 30 is removed. Vari- 
ous methods of sacrificial layer removal can be utilized 
to minimize stiction problems. These include but are not 
limited to various high vapor pressure liquid rinses, O2 
plasma ashing or critical point drying. This leaves a can- 

25 tilever arm 38 attached to the cantilever pad 22 and sus- 
pended above substrate 14. The control electrode 24, 
test electrode 26 and tip 18 are exposed, with an arm- 
to-tip distance of approximately 0.5 \im. Making the 
width of the cantilever arm 38 much greater than its 

30 thickness reduces the sensor's sensitivity to off-axis 
forces. 

[0019] In an alternative embodiment, the tip 18 is 
formed on the underside of cantilever arm 38 instead of 
on the tunneling electrode 28. 1 n this case the fabrication 

35 steps of FIGs. lb and 1c are omitted, and the tip Is 
formed by etching a tapered depression with a shape 
complementary to the desired tip shape in the sacrificial 
layer 30 above the tunneling electrode before the gold 
layers 32, 36 are added. The result is a cantilever elec- 

40 trode with a tunneling tip suspendedabove the tunneling 
electrode. 

[0020] FIG. 2 shows a sectional view of a z-axis tun- 
neling tip sensor 40 that has been fabricated as de- 
scribed in connection with Fl Gs. 1 a-1 j on a semiconduc- 

45 tor wafer 42 that lies in the plane defined by the x and y 
axes, together with an analog feedback circuit 43 that 
controls its operation. FIG. 3 is a plan view of the z-axis 
sensor 40 that lies in the xy-plane and extends there- 
from. One end of a cantilever electrode 44 is affixed to 

so the wafer, while its other end is suspended approximate- 
ly 1 -2 jun above the wafer's surface over a control elec- 
trode 46, a test electrode 48 and a tunneling tip elec- 
trode 50. Device encapsulation can be accomplished 
with several packaging designs if needed for environ- 

55 mental control or vacuum operation. 

[0021] Circuit 43 applies a control voltage via leads 
51 and 52 across the cantilever electrode 44 and the 
control electrode 46 to create an attractive electric field 
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which pulls the cantilever down to a reference position 
close to the tunneling tip, e.g. , 1 -2 nm away from the tip. 
The circuit also applies a bias voltage via leads 51 and 
54 across the cantilever electrode and tip sufficient to 
initiate a flow of tunneling current 55 through them. The 
circuit is designed to respond to a deflection of cantilever 
arm 44 by modulating the control voltage while holding 
the tunneling current constant, so that the value of the 
control voltage at any given time indicates the degree 
of cantilever arm flexure. Alternatively, the control volt- 
age could be held constant and tunneling current mod- 
ulated, or a combination of both approaches could be 
used, but modulating the control voltages makes the de- 
vice less susceptible to damage and effectively linear- 
izes the output signal. 

[0022] In circuit 43 a supply voltage is applied via a 
reference terminal 58 across a series connection of re- 
sistors 60, 62 and a variable resistor 64, preferably 1 
Mn, 1 0 kQ and nominally 2 Idl to ground reference po- 
tential. The cantilever electrode 44 is electrically con- 
nected to the junction of resistors 60 and 62, and the 
junction of resistors 62 and 54 is connected to the non- 
inverting input 67 of an operational amplifier 66 to pro- 
vide a reference voltage. The tunneling electrode 50 is 
connected through an input resistor 68 to ground refer- 
ence potential, and is also connected to the non-invert- 
ing input of an operational amplifier 69. The amplifier 69 
is connected as a voltage follower, with its output con- 
nected to amplifier 66's inverting input. The output of 
amplifier 66 is connected through a resistor 70, prefer- 
ably 1 0 l<n, to ground potential and through a series con- 
nection of resistors 72 and 74, preferably 4 Ma and 1 
Mn, to the supply potential terminal 58. The junction of 
resistors 72 and 74 is electrically connected to control 
electrode 46 via line 52 to provide the control voltage, 
which Is monitored at output node 76 and is generally 
proportional to the square root of an applied force 56. 
The value of resistor 64 is selected to equalize the volt- 
ages at amplifier 66's differential inputs for a roforcnce 
value of tunneling current, preferably 1 nA, such that the 
amplifier's output is zero when the cantilever arm is un- 
deflected from the reference position and the control 
voltage remains constant. 

[0023] The applied force 56, which may be due for ex- 
ample to an acceleration or an acoustic or hydrophonic 
pressure wave, tends to deflect the cantilever arm. This 
initially alters the tunneling current 55 and produces un- 
balanced differential inputs for amplifier 66. The ampli- 
fier responds by modulating the control voltage on lead 
52 to produce an opposing force to the applied force, 
thus maintaining a constant cantilever-to-tunneling 
electrode separation and a constant tunneling current 
55. If the applied force causes the cantilever to bend 
upwards, the separation increases and the tunneling 
current decreases such that the voltage at the non-in- 
verting input of amplifier 66 Is more than the voltage at 
its Inverting input. The amplifier's output is positive, and 
thus increases the control voltage and the attractive 



force on the cantilever arm to bring it back to the refer- 
ence position. Conversely, If the force tends to deflect 
the cantilever arm downwards, the tunneling current In- 
creases and the amplifier's output goes negative, thus 

5 reducing the attractive force and allowing the cantilever 
spring to pull Itself back to the reference position. With- 
out its feedback circuit, the cantilever arm can deflect 
excessively and damage the tunneling electrode. Fur- 
thermore, in the absence of a feedback circuit the sens- 

10 or's output would be linear only over very small deflec- 
tions. 

[0024] The sensor is calibrated periodically by closing 
a switch 78 to apply a known voltage from a DC source 
79 to the test electrode 48 to simulate an applied force, 

15 and measuring the resulting output (calibration) voltage. 
In normal operation, the output would be scaled by the 
calibration response to produce a normalized output 
that compensates for drifts in the sensor performance 
caused by temperature changes, component aging and 

20 the like. 

[0025] The photolithographic fabrication method pro- 
duces a very small device having a cantilever mass of 
approximately 1 |ig, while maintaining the sensor's de- 
flection sensitivity Consequently when used as an ac- 
25 celerometer, the sensor's resonant frequency can be 
much higher than previous art and can have an effective 
bandwidth as high as 250 kHz. Another benefit of the 
extremely small mass Is an Improved shock resistance. 
When the control voltage is turned off, the cantilever arm 
30 can deflect in response to a large acceleration and may 
slam into and damage the tip. However, because the 
mass is very small, the tip pressure for a given acceler- 
ation will be much smaller than previous art. 
[0026] FIG 4 is a perspective view of a rotational sen- 
35 sor 80. The sensor 80 includes a z-axis sensor 81 and 
a control circuit which are essentially the same as the 
sensor 40 and circuit 43 of FIG. 2. In addition, a lateral 
control electrode 82 is disposed adjacent the cantilever 
electrode 83 of sensor 80 and is modulated with a volt- 
40 age to induce a lateral vibration at a known maximum 
velocity in the cantilever electrode. Sensor 80 meas- 
ures a Coriolis force Fj, given by: Fj,^/nTvp<V,; where 
m is the cantilever electrode's mass, is the rotational 
rate and is the cantilever electrode's lateral velocity 
45 The rotational rate can be determined by measuring the 
Coriolis force, which is directly proportional to the rota- 
tion. In this embodiment, linear accelerations can pro- 
duce additional deflections, causing incorrect estimates 
of the rotational rate. By placing a second rotation sen- 
se sor on the wafer parallel to sensor 80 and laterally os- 
cillating their respective cantilever electrodes 180° out 
of phase with each other, linear accelerations cancel 
each other. 

[0027] FIG. 5 isaperspectlve view of a preferred em- 
55 bodiment of a rotational sensor 84 on a wafer 85 that Is 
insensitive to linear acceleration forces. Adouble-ended 
tuning fork 86 is suspended above and parallel to the 
wafer 85 by a cross-beam 87 which is supported at its 
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ends by posts 88a and 88b and is orthogonal to the tun- 
ing fork. Tlie double tuning forl< and cross-beam are 
preferably fabricated at the same step such that they 
form a unitary structure. Alternatively thetuningfork can 
be formed on top of the cross-beam. 
[0028] One end of the tuning fork 86 forks into a pair 
of cantilever beams B9 and 90 that are positioned par- 
allel to a rotation axis 91 and have associated lateral 
control electrodes 92 and 93 respectively. The other end 
of the tuning fork 86 forks into a pair of cantilever elec- 
trodes 94 and 95 that are suspended above respective 
control electrodes 96 and 97 and respective tunneling 
electrodes 98 and 99, which are connected to control 
circuits similar to the one described in FIG. 2to maintain 
constant tunneling currents. The forked ends are inter- 
connected by a cantilever member 152 which Is at- 
tached to the cross-beam. 

[0029] The voltages applied to respective lateral elec- 
trodes 92 and 93 are modulated in synchronism such 
that their cantilever beams 89, 90 move 180° out of 
phase with each other in the plane of the wafer 85. As 
the sensor 84 rotates around its axis 91 , equal but op- 
posite z-axis forces F^, are applied to the respective can- 
tilever beams to move them perpendicular to the surface 
of the wafer, producing a torque on the cantilever mem- 
ber 152 proportional to the Coriolis force. The torque 
tries to deflect the cantilever electrodes 94 and 95 but 
is opposed by the feedback circuitry. The rotational rate 
can be determined by taking the difference between the 
respective outputs. By moving the cantilever beams 89 
and 90 180° out of phase with each other, the changes 
In the positions of cantilevers 94 and 95 due to linear 
accelerations are subtracted out and do not affect the 
rotation signal The double-ended tuning fork configura- 
tion improves performance by separating the sensor 
fork (eleclrodes 94 and 95) from the drive fork (elec- 
trodes 89 and 90), thereby reducing the noise in the ro- 
tation signal. 

[0030] FIG. 6 is a perspective view of a tunneling tip 
sensor 1 00 for measuring lateral (x or y axis) forces. The 
sensor Is formed on a semiconductor wafer 1 02. A can- 
tilever electrode 104 extends from the wafer and in- 
cludes an L-shaped section 1 06 with a tunneling tip 1 08 
at its end. A tunneling electrode 110 is disposed adja- 
cent and at the same height as the tunneling tip 108, 
with a separation of approximately 0,5 |im between the 
tunneling tip and the electrode, A control electrode 112 
is formed adjacent and at the same height as the canti- 
lever electrode. Alternatively the tunneling tip 1 08 could 
be formed on the tunneling electrode instead of on the 
cantilever electrode. The cantilever arm deflects In the 
x-y plane perpendicular to the longer portion of the L- 
shaped section 106 in response to x or y axis forces, 
and modulates a tunneling current between the tun- 
neling tip and electrode. An analog control circuit (not 
shown) similar to the one described in FIG. 2 Is prefer- 
ably used to maintain the tunneling current at a constant 
value. The sensor's sensitivity to z-axis forces is de- 



creased by making its height or thickness several times 
its width. 

[0031] FIGs. 7a-7e are sectional views illustrating a 
preferred photolithographic technique for fabricating the 

s lateral sensor 100 shown in FIG. 6. The cross-section 
is taken along the central axis of the cantilever electrode 
1 04 and as such does not show the tunneling electrode, 
control electrode or tunneling lip, although these com- 
ponents are formed In the same photolithographic 

10 steps. I n the first step a semiconductor wafer is provided 
with a semiconductor substrate 114, preferably silicon, 
a dielectric layer 116, preferably SiOg, and a conductor 
layer 118, preferably gold (FIG. 7a). In the next step a 
photoresist is patterned onto the wafer and the conduc- 

1S tor layer 118 is etched to define a cantilever pad 120, 
and control and tunneling pads adjacent the cantilever 
pad (not shown)(FIG. 7b). A sacrificial layer 122 is pat- 
terned to expose the three pads and a thin metal layer 
124 is thermally evaporated over the wafer (FIG. 7c). In 

20 the next step another photoresist 1 26 is patterned to ex- 
pose portions of metal layer 124 and a conductor layer 
128, e.g. 1-4|imthick, is electroplated onto the exposed 
portions of metal layer 124 to form the cantilever elec- 
trode and extend the tunneling and control pads to form 

25 the tunneling and control electrodes at the same height 
as the cantilever electrode (FIG, 7d). In the last steps 
resist 1 26 is dissolved, the exposed portions of layer 1 24 
are removed by ion milling and the sacrificial layer 122 
is removed either by wet or dry techniques as described 

30 previously (FIG. 7e). 

[0032] FIG. 8 Is a perspective view of a planar x, y and 
z-axIs sensor that Incorporates the Individual sensor 
structures and fabrication methods described above. X, 
y and z axis sensors 1 30, 1 32 and 1 34 are formed in a 

35 unitary structure on a semiconductor wafer 1 36 to pro- 
duce a planar sensor device that senses forces in three 
dimensions. The individual sensors are connected to re- 
spective analog feedback circuits 137 and operate as 
described above. Note that the fabrication sequence for 

40 the X and y-axis devices can be incorporated into the 
sequence for the z-axis device without additional 
processing steps. In addition, x and y-axis rotation sen- 
sors can be added to the wafer using the same process 
sequence. 

45 [0033] FIG, 9 is a perspective view of a 3-D inertial 
cube that Incorporates the z-axis and rotation sensors 
described previously X,y- and z-axis sensors 138, 140 
and 1 42 and rotation sensors 1 44, 1 46 and 1 48 are fab- 
ricated on respective wafers, which are attached to the 

50 mutually orthogonal faces of a cube 150 and electrically 
connected to respective analog feedback circuits 151. 
The cube senses 3-axis forces and rotations and can 
have a volume less than 8 mm^ While a truly cubic 
structure is shown in FIG. 9, the important feature is that 

55 the three groups of sensors lie in mutually orthogonal 
planes. An equivalent orientation can be achieved with 
other geometric shapes, such as a block in which at 
least one face Is a rectangle. The term "cubic" Is used 
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herein as a convenient shorthand to refer to any shape 
with three mutually orthogonal planes, not just a true 
cube. Other combinations of x-y-z axis sensors and ro- 
tation sensors can be implemented on each orthogonal 
face. 

[0034] The described photolithographic process and 
resulting sensor structures have several advantages. 
Because the sensors are formed as unitary structures, 
the manufacturing yields are much higher than with pre- 
vious methods, yields of approximately 80-90% can be 
achieved, with an accompanying reduction in produc- 
tion time and cost. The Individual sensors can be less 
than 1 mm2, with a cantilever arm mass of approximate- 
ly 1 |.ig and bandwidth of 250 kHz. Thus the die size can 
be small, allowing more devices to be fabricated per wa- 
fer, and therefore at lower cost per device. The unbiased 
tip-to-cantilever distance can be only about 0.5 |j.m and 
can be pulled down to only a couple of nanometers with 
the application of a control voltage less than 20 V, thus 
allowing relatively low TTL and CMOS compatible sup- 
ply voltages. The structure of the sensors reduces their 
sensitivity to off-axis forces, improves shock resistance, 
increases bandwidth and reduces temperature drift. 
[0035] While several Illustrative embodiments of the 
invention have been shown and described, numerous 
variations and alternative embodiments will occur to 
those skilled in the art. Such variations and alternate 
embodiments are contemplated, and can be made with- 
out departing from the scope of the invention as defined 
by the appended claims. 



Claims 

1. A tunneling tip sensor having a unitary structure 
comprising: 

a semiconductor substrate (14; 42; 85; 102; 
114; 136); 

- a tunneling electrode (28; 50; 98, 99; 110) on 
said substrate (14; 42; 85; 102; 114; 136); and 

- a cantilever electrode (44; 83; 89, 90, 94, 95; 
1 04) extending from said substrate (1 4; 42; 85; 

1 02; 114; 1 36) with one end suspended above 
said substrate (14; 42; 85; 102; 114; 136) at a 
distance from said tunneling electrode (28; 50; 
98, 99; 110) so that a tunneling current (55) 
flows between said cantilever (44; 83; 89, 90, 
94, 95; 104) and tunneling (28; 50; 98, 99; 110) 
electrodes in response to a bias voltage applied 
across said electrodes (28; 50; 98, 99; 110/44; 
83; 89, 90, 94, 95; 1 04), said cantilever (44; 83; 
89, 90, 94, 95; 104) and tunneling (28; 50; 98, 
99; 110) electrodes forming a circuit that pro- 
duces an output signal (76) such that an applied 
force (56) which urges said cantilever electrode 
(44; 83; 89, 90, 94, 95; 104) to deflect relative 
to said tunneling electrode (28; 50; 98, 99; 110) 
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modulates said output signal (76), 

characterized by a lateral control electrode (82; 92) 
on said substrate (85) adjacent said cantilever elec- 

5 trode (83; 89, 90) for producing another force that 
laterally oscillates the cantilever electrode (83; 89, 
90) in response to a corresponding oscillating volt- 
age across the control (82; 92) and cantilever (83; 
89, 90) electrodes such that when said sensor (80; 

10 84) is rotated about an axis (9 1 ) parallel to the can- 
tilever electrode (83; 89, 90), said applied force Is 
proportional to the rotational rate. 

2. The sensor of claim 1, characterized in that said 
15 substrate (14; 42; 85; 102; 114) lies In an xy-plane 
with said cantilever electrode (44; 83; 94, 95) sus- 
pended above said tunneling electrode (28; 50; 98) 
and deflecting along a z-axis. 

20 3. Thesensorofclaim2, characterized in that said tun- 
neling electrode (50) comprises a tunneling tip (1 8) 
that is oriented along the z-axis 

4. The sensor of any of claims 1 - 3, characterized by 
25 a control electrode (24; 46; 96, 97; 11 2) on said sub- 
strate (14; 42; 85; 102; 114; 136) below said sus- 
pended cantilever electrode (44; 94, 95; 104), said 
circuit applying a control voltage as said output sig- 
nals (76) across said cantilever (44; 94, 95; 104) 

30 and control (24; 46; 96, 97; 1 1 2) electrodes to con- 
trol the position of the cantilever electrode (44; 94, 
95; 1 04), and modulating said control voltage to off- 
set said applied force (56) and maintain said tun- 
neling current (55) at a substantially constant level. 

35 

5. The sensor of claim 1 , characterized in that said 
substrate (102) lies in an xy-plane and said canti- 
lever electrode (106) is suspended adjacent said 
tunneling electrode (110) and deflects laterally in 

40 the xy-plane. 

6. A method of fabricating a tunneling tip sensor (40; 
80; 84) for sensing a z-axis force (56) and having a 
unitary structure, comprising the steps of: 

45 

providing a base member comprising a semi- 
conductor substrate (14; 42; 85) that lies In an 
xy-plane with a layer of conductive material 

(10); 

50 - depositing the layer of conductive material (1 0) 
over the substrate (1 4) with a known thickness; 
patterning a resist (1 6) over the conductive lay- 
er (10) to expose a portion of the layer (10); 
ion milling the exposed portion of the conduc- 
es tive layer (1 0) to a reduced thickness to form a 
conductive tip (18) beneath the resist (16); 
removing the resist (16); 
photolithographically patteming the conductive 
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material (10) to form a cantilever pad (22) and 
a tunneling electrode (28; 50; 98, 99); 
photolitliographically extending the cantilever 
pad (22) to form a cantilever electrode (32, 36, 
38; 44; 83; 94, 95) that extends over the tun- 
neling electrode (28; 50; 98, 99), so that a tun- 
neling current (55) flows between the cantilever 
(32, 36, 38; 44; 83; 94, 95) and tunneling (28; 
50; 98, 99) electrodes In response to an applied 
bias voltage across the two electrodes (32, 36, 
38; 44; 83; 94, 95/28; 50; 98, 99), said cantilev- 
er (32, 36, 38; 44; 83; 94, 95) and tunneling (28; 
50; 98, 99) electrodes forming a circuit that pro- 
duces an output signal (76) such that an applied 
force (56) which urges said cantilever electrode 
(32, 36, 38; 44; 83; 94, 95) to deflect relative to 
said tunneling electrode (28; 50; 98, 99) mod- 
ulates said output signal (76); and 
providing the semiconductor substrate (14) 
provided with a conductive tip (18) on the con- 
ductive layer (12) such that the tunneling elec- 
trode (28) includes the tip (18), said resist (16) 
being a negative resist that erodes during ion 
milling so that the tip (18) is graded from a base 
at the surface of the conductive layer (10) to a 
narrower upper end. 



1 . Sensor mit Tunneleffekt-Spitze, der einen einheitli- 
chen Aufbau aufweist, mit 

- einem Halbleitersubstrat (14; 42; 95; 102: 114; 
136); 

- einer Tunneleffekt-Elektrode (23^ 50; 98, 99; 
110) auf dem Substrat (14; 42; 85, 102; 114; 
136); und 

- einer freitragenden Elektrode (44; 83; 89, 90, 
94, 95; 104), diesich von dem Substrat (14; 42; 
85; 102; 114; 136) in einem Abstand von der 
Tunneleffekt-Elektrode (28; 50; 98, 99; 110) er- 
streckt, wobei ein Ende uberdem Substrat (14; 
42; 85; 102; 114; 136) aufgehangt ist, so dal3 
ein Durchtunnelungsstrom (55) zwischen der 
freitragenden Elektrode (44; 83; 89, 90, 94, 95; 
104) und der Tunneleffekt-Elektrode (28; 50; 
98, 99; 110) abhangig von einer Vorspannung 
flierat, die Liber die Elektroden (28; 50; 98, 99; 
110/44; 83; 89, 90, 94, 95; 104) angelegt wird, 
wobei die freitragende Elektrode (44; 83; 89, 
90, 94, 95; 104) und die Tunneleffekt-Elektrode 
(28; 50; 98, 99; 110) eine Schaltung bilden, die 
ein Ausgangssignal (76) erzeugt, derart, daB 
eine angelegte Kraft (56), die die freitragende 
Elektrode (44; 83; 89, 90. 94, 95; 104)zurAus- 
lenkung relativ zu der Tunneleffekt-Elektrode 
(28; 50; 98, 99; 110) zwingt, das Ausgangssi- 



gnal (76) moduliert, gekennzeichnet durch eine 
seitliche Steuerelektrode (82; 92) auf dem Sub- 
strat (85) benachbartzuderfreitragenden Elek- 
trode (83; 89, 90) zur Erzeugung einer anderen 
Kraft, die die freitragende Elektrode (83; 89, 90) 
abhangig von einer entsprechenden Oszillati- 
onsspannung an der Steuerelektrode (82; 92) 
und der freitragenden Elektrode (83; 89, 90) 
seitlich oszilliert, derart, da3 die angelegte 
Kraft proportional zu der Drehgeschwindigkeit 
ist, wenn der Sensor (80; 84) um eine Achse 
(91 ) parallel zu derfreitragenden Elektrode (83; 
89, 90) gedreht wird. 

2. Sensor nach Anspruch 1 , dadurch gekennzeichnet, 
daB das Substrat (14; 42; 85; 102; 114) in einer xy- 
Ebene liegt, wobei die freitragende Elektrode (44; 
83; 94, 95) uber der Tunneleffekt-Elektrode (28; 50; 
98) aufgehangt ist und langs einer z-Achse ausge- 
lenkt wird. 

3. Sensor nach Anspruch 2, dadurch gekennzeichnet, 
daB die Tunneleffekt-Elektrode (50) eine Tunnelef- 
fekt-Spitze (18) umfaBt, die langs derz-Achse aus- 
gerichtet ist. 

4. Sensor nach einem der Anspruche 1 bis3, gekenn- 
zeichnet durch eine Steuerelektrode (24; 46; 96, 97; 
112) auf dem Substrat (14; 42; 85, 102: 114; 136) 
unter der aufgehangten freitragenden Elektrode 
(44; 94, 95; 104), wobei die Schaltung eine Steuer- 
spannung als Ausgangssignale (76) an die freitra- 
gende Elektrode (44; 94, 95; 104) und die Steuer- 
elektrode (24; 46; 96, 97; 112) aniegt, um die Posi- 
tion derfreitragenden Elektrode (44; 94, 95; 104) 
zu steuern, und wobei die Schaltung die Steuer- 
spannung moduliert, um die angelegte Kraft (56) zu 
verschieben und den Durchtunnelungsstrom (55) 
auf einem im wesentlichen konstanten Niveau zu 
halten. 

5. Sensor nach Anspruch 1 , dadurch gekennzeichnet, 
daB das Substrat (102) in einer xy-Ebene liegt und 
die freitragende Elektrode (106) benachbart der 
Tunneleffekt-Elektrode (110) aufgehangt ist und in 
der xy-Ebene seitlich ausschlagt. 

6. Verfahren zur Herstellung eines Sensors mit Tun- 
neleffekt (40; BO; 84) zum Erfassen einer Kraft (56) 
in z-Richtung, wobei der Sensor einen einheitlichen 
Aufbau aufweist, mit den Schritten: 

Vorsehen eines Basiselements, das ein Halb- 
leitersubstrat (14; 42; 85) umfaBt, welches mit 
einer Schicht aus einem leitfahigen Material 
(10) in einer xy-Ebene liegt; 
Auftragen der Schicht eines leitfahigen Materi- 
als (1 0) auf das Substrat (1 4) mit einer bekann- 
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ten Dicke; 

Strukturieren eines fotoempfindlichen Lacks 
(16) auf der leitfahigen Schicht (10), urn einen 
Bereich der Schicht (10) freizulegen; 
lonenstrahlatzen des freigelegten Bereichs der s 
leitfahigen Schicht (10) auf eine verminderte 
Dicke, urn eine leitfahige Spitze (18) unterhalb 
des fotoempfindlichen Lacks (16) auszubilden; 
Entfernen des fotoempfindlichen Lacks (16); 
fotolitographisches Strukturieren des leitfahi- io 
gen IVlaterials (10), urn einefreitragende Aufla- 
ge (22) und eine Tunneleffekt-Elektrode (28; 
50; 98, 99) auszubilden; 
fotolitographisches Ausdehnen der freitragen- 
den Auflage (22), um eine freitragende Elektro- is 
de (32, 36, 38; 44; 83; 94, 95) auszubilden, die 
sich iiber die Tunneleffekt-Elektrode (28; 50; 
98, 99) erstreckt, so da3 ein Durchtunnelungs- 
strom (55) zwischen der freitragenden Elektro- 
de (32, 36, 38; 44; 83; 94, 95) und der Tunnel- 20 
effekt-Elektrode (28; 50; 98, 99) abhangig von 
einer angeiegten Vorspannung an den beiden 
Elektroden (32, 36, 38; 44; 83; 94, 95/28; 50; 
98, 99) flie3t, wobei die freitragende Elektrode 
(32, 36, 38: 44: 83: 94, 95) und die Tunnelef- 25 
fekt-Elektrode (28: 50: 98. 99) eine Schaltung 
bilden, die ein Ausgangssignal (76) erzeugt in 
der Art, da3 eine angelegte Kraft (56), die die 
freitragende Elektrode (32, 36, 38; 44; 93; 94, 
95) zur Auslenkung relativ zu der Tunneleffekt- 30 
Elektrode (28; 50; 98, 99) zwingt, das Aus- 
gangssignal (76) modullert; und 
Vorsehen des Halbleltersubstrats (14), das mit 
eIner leitfahigen Spitze (18) auf der leitfahigen 
Schicht (12) versehen ist, derart, daB die Tun- 35 
neleffekt-Elektrode (28) die Spitze (18) umfaBt, 
wobei der fotoempfindiiche Lack (16) ein nega- 
tiver fotoempfindlicher Lack ist, der wahrend 
des ionenstrahlatzens erodiert, so daR die Spit- 
ze (1 8) von einer Basis an der Oberflache der 40 
leitfahigen Schicht (10) zu einem schmaleren 
oberen Ende abgestuft wird. 



(14; 42; 85; 102; 114; 136) a une certaine 
distance de iadite eiectrode a effet tunnel (28 ; 
50 ; 98, 99 ; 1 1 0) afin qu'un courant d'effet tun- 
nei (55) passe entre ledit element en porte-a- 
faux (44 ; 83 ; 89, 90, 94, 95 ; 104) et les elec- 
trodes a effet tunnel (28 ; 50 ; 98, 99 ; 110) en 
reponse a une tension de polarisation appli- 
quee entre lesdites electrodes (28 ; 50 ; 98, 99 ; 
110/44 ; 83 ; 89, 90, 94, 95 ; 104), lesdites Elec- 
trodes en porte-a-faux (44 ; 83 ; 89, 90, 94, 95 ; 
1 04) et a effet tunnel (28 ; 50 ; 98, 99 ; 1 1 0) for- 
mant un circuit qui produit un signal de sortie 
(75) tel qu'une force appliquee (56) qui sollicite 
Iadite electrode en porte-a-faux (44 ; 83 ; 89, 
90, 94, 95 ; 1 04) afin qu'elle soit deviee par rap- 
port a Iadite electrode a effet tunnel (28 ; 50 ; 
98, 99 ; 110), module ledit signal de sortie (76), 

caracterise par une electrode de commande latera- 
le (82 ; 92) sur ledit substrat (85) de fagon adjacente 
a Iadite electrode en porte-a-faux (83 ; 89, 90) pour 
produire une autre force qui fait osciller laterale- 
ment I'electrode en porte-a-faux (83 ; 89, 90) en re- 
ponse & une tension oscillante correspondante en- 
tre les electrodes de commande (82 ; 92) et en por- 
te-a-faux (83 ; 89, 90) de telle fafon que lorsque 
dit capteur (80, 84) est mis en rotation autour d'un 
axe (91) paralldle k I'Slectrode en porte-^-faux (83 
89, 90), Iadite force appliquee solt proportionnelle 
a la Vitesse de rotation. 

Capteur selon la revendlcatlon 1 , caract6ris6 en ce 
que ledit substrat (14 ; 42 ; 85 ; 102 ; 114) se situe 
dans un plan xy, Iadite electrode en porte-a-faux 
(44 ; 83 ; 94, 95) etant suspendue au-dessus de Ia- 
dite electrode a effet tunnel (28 ; 50 ; 98) et etant 
deviee suivant un axe z. 

Capteur selon la revendlcatlon 2, caracterise en ce 
que Iadite electrode a effet tunnel (50) comprend 
une polnte a effet tunnel (18) qui est orientee sui- 
vant I'axe z. 



Revendications 



1. Capteur a polnte a effet tunnel ayant une 
monolithique, comprenant : 

- un substrat semiconducteur (14; 42; 85; 102; so 
114; 136); 

- une electrode a effet tunnel (28 ; 50 ; 98, 99 ; 
110) sur ledit substrat (14; 42; 85; 102; 114; 

136) ; et 

- une electrode en porte-a-faux (44 ; 83 ; 89, 90, 55 
94, 95 ; 104) s'etendant depuis ledit substrat 
(14 ; 42 ; 85 ; 102 ; 114 ; 136) et dont une ex- 
tremite est suspendue au dessus dudit substrat 



Capteur selon I'unequelconquedes revendications 
1 - 3, caracterise par une electrode de commande 
(24 : 46 ; 96, 97 ; 1 1 2) sur ledit substrat (1 4 ; 42 ; 
85 ; 102 : 114 ; 136) situee en dessous de Iadite 
electrode en porte-a-faux suspendue (44 ; 94, 95 ; 
104), ledit circuit appliquant une tension de com- 
mande en tant que lesdits signaux de sortie (76) en- 
tre lesdites Electrodes en porte-^-faux (44 ; 94, 95 ; 
104) et de commande (24 ; 46 ; 96, 97 ; 112) pour 
commander la position de I'electrode en porte-a- 
faux (44 ; 94, 95 ; 104), et modulant Iadite tension 
de commande pour compenser Iadite force appli- 
quee (56) et maintenir ledit courant d'effet tunnel 
(55) a un niveau sensiblement constant. 
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Capteur selon la revendication 1 , caracterise en ce a la surface de la couche conductrlce (1 0) jusqu'a 

que ledit substrat (102) se situs dans un plan xy et una extremite superieure plus etroite. 

ladite electrode en porte-a-faux (106) est suspen- 

due a proximite immediate de ladite electrode a ef- 

fet tunnel (110) et est divide lat^ralement dans le s 

plan xy. 

Precede de fabrication d'un capteur a pointe a effet 
tunnel (40 ; 80 ; 84) pour d6tecter une force d'axe 
z (56) et ayant une structure monolithique, compre- io 
nant les etapes : 

d'application a un element de base comprenant 
un substrat semiconducteur (14; 42 ; 85) qui 
se situe dans un plan xy, d'une couche de ma- 1S 
teriau conducteur (10) ; 
de depot de la couche de materiau conducteur 
(10) sur le substrat (14) avec une epaisseur 
connue ; 

de realisation d'un motif de resist (16) sur la 20 
couche conductrice (1 0) pour exposer une par- 
tie de la couche (10) ; 

d'usinage ionique de la partie exposee de la 
couche conductrice (1 0) jusqu'S une 6paisseur 
reduile afin de former une pointe conductrice 25 
(18) en dessous du resist (16) : 
d'enlevement du resist (16) ; 
de realisation de fagon photolithographique 
d'un motif du materiau conducteur (10) afin de 
former une plage en porte-a-faux (22) et une 30 
electrode a effet tunnel (28 ; 50 ; 98 ; 99) ; 
- de prolongement de fagon photolithographique 
de la plage en porte-a-faux (22) afin de former 
une electrode en porte-a-faux (32, 36, 38 ; 44 ; 
83; 94, 95) qui se prolonge au-dessus de 3S 
I'electrode a effet tunnel (28 ; 50 ; 98, 99), afin 
qu'un courant d'effet tunnel (55) passe entre les 
electrodes en porte-a-faux (32, 36, 38 ; 44 ; 83 ; 
94, 95) et a effet tunnel (28 ; 50 ; 98, 99) en re- 
ponse a une tension de polarisation appliquee 40 
entre les deux electrodes (32, 36, 38 ; 44 ; 83 ; 
94, 95/28 ; 50 ; 98, 99), lesdites electrodes en 
porte-a-faux (32, 36, 38 ; 44 ; 83 ; 94, 95) et a 
effet tunnel (28 ; 50 ; 98, 99) formant un circuit 
qui produit un signal de sortie (76) tel qu'une 45 
force appliquee (56) qui sollicite ladite electro- 
de en porte-a-faux (32, 36, 38 ; 44 ; 83 ; 94, 95) 
pour qu'elle soil deviee par rapport a ladite 
electrode a effet tunnel (28 ; 50 ; 98, 99) modu- 
le ledit signal de sortie (76) ; et so 
d'utilisation du substrat semiconducteur (14) 
muni d'une pointe conductrice (18) sur la cou- 
che conductrice (12) de fafon que I'electrode 
d'effet tunnel (28) comprenne la pointe (18), 

55 

ledit resist (16) etant un resist negatif qui s'erode 
pendant I'usinage ionique de telle sorte que la poin- 
te (18) presente un gradient d'une base se situant 
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FIG. 1a. 




FIG. 1d. 
FIG. 1e. 

FIG. 1f. 
FIG. 1g. 

FIG. 1h. 
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FIG.6. 
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